Introduction
degree of alteration and mineralization, and cross-cutting relationships ( Fig. 2 ; Table 2 ).
Hydrothermal alteration and Cu-(Au-Mo) and Au-(Ag-Cu) mineralization in the project are associated spatially and temporally with the porphyries and breccias emplacement. A late undeformed volcanoclastic breccia contains fragments of both the lower volcanic complex and upper subvolcanic suite. It crops out in the northern edge of the district over an area of ~0.2 km 2 (Fig. 2) .
Pre-mineralization and syn-mineralization subvolcanic plutons and magmatic-hydrothermal breccias
Porphyry 1 crops out on the eastern ridges of the district at elevations of 4000 m, where it has intruded tuffs of the lower volcanic complex and is cut by Au-(Ag-Cu) epithermal veins ( Fig. 2 , Table 2 ). It is the largest porphyry with a surface area of ~1 km 2 . Phenocrysts of plagioclase (30-60 vol. %, 0.1-7mm), edenite (2-15 vol. %), accessory spinel minerals (-magnetite-ulvöspinel solid solution‖, 1-1.5 vol. %), apatite, and zircon are set in a finegrained (<40 μm) quartz + feldspar + magnetite groundmass (Fig. 3a) . Some plagioclase phenocrysts have compositional zoning documented by cores of oligoclase (28) (29) (30) (31) (32) ) with
FeO concentrations between 0.10 and 0.18 wt. percent ( Porphyry 2 crops out in the east valley over an area of ~0.5 km 2 ( Fig. 2) where it has intruded porphyry 1 and the volcanic host rocks. Porphyry 2 has undergone phyllic alteration (quartz + white mica + tourmaline; Fig. 3b ). The porphyritic texture has been preserved with relict phenocrysts of plagioclase (50 vol. %, 0.4-3 mm) and zircon set in a groundmass that has been altered to microgranular quartz aggregates (100-200 μm). Porphyry 2 has been cut by a stockwork of early quartz veinlets (2-10 vol. %) and contains Cu-(Au-Mo) mineralization below the oxidation zone.
Polymictic matrix supported breccia 1 was intersected by drill-holes in the east valley ( Fig. 2) , in the contact between porphyry 2 and the volcanic wallrocks. The breccia consists of subrounded fragments (10-70 vol. %) of porphyry 1, porphyry 2, tuff, quartz veins, and plagioclase crystals in a matrix consisting of mud-sized fragments. It has been affected by phyllic alteration and weak Cu-(Au-Mo) mineralization. At shallow levels it has cut porphyry 2 and presents an hydrothermal cement of quartz + tourmaline + pyrite (2-10 vol. %; Fig. 3c ).
Porphyry 3 crops out on the central ridge ( Porphyry 4 crops out on the southern portion of the central ridge (Fig. 2) where it has intruded the volcanic wallrocks. Phenocrysts of plagioclase (60-70 vol. %) have been altered to hydrothermal albite (An 1-4 ; digital appendix A1) and accessory zircon occurs in a groundmass altered to an aggregate (100-400 µm) of hydrothermal quartz. Porphyry 4 has been affected by pervasive potassic alteration at depth and phyllic alteration at shallow levels.
It has less groundmass compared to porphyry 3 and a higher proportion of quartz veinlets (10-25 vol. %; Fig. 3e ). Porphyry 4 has the highest copper grades of the district and contains
Mo and Au mineralization.
Polymictic clast-to matrix-supported breccia 2 crops out in the central ridge as an halo around porphyry 4. It also occurs as dikes that have intruded porphyries 3-4 and the volcanic wallrocks. This breccia contains sub-rounded fragments (55 vol. %) of porphyry 3, porphyry 4, tuff, and quartz veins set in a mud-sized matrix. It has been affected by intense phyllic alteration, quartz veining (10-25 vol. %; Fig. 3f ), and contains Cu-Au mineralization. At shallow levels in the central ridge the breccia presents an hydrothermal cement of quartz + tourmaline + pyrite (20 vol. %) and cuts porphyry 4.
Post-mineralization subvolcanic plutons and magmatic breccia
Several post-mineralization intrusions have been recognised based on crosscutting relationships, low metal contents, and weak veining and alteration.
An andesite porphyry crops out on the east and north-east ridges and has intruded porphyries 1 and 2 (Fig. 2) . This rock has phenocrysts of plagioclase of variable size (40-70 vol. % ), amphibole (1-7 vol. %), accessory quartz (1 vol. %), and fine-grained opaques (<1 mm, magnetite) in a microcrystalline (0.025-0.05 mm) quartz + feldspar groundmass (Fig. 6a ). This porphyry differs from the other porphyries because of the different size of the plagioclase phenocrysts and the finer grained groundmass with higher proportion of plagioclase. It is weakly quartz-veined (1-2 vol. %) and has been affected by moderate potassic and propylitic alteration. This intrusion is barren.
A polymictic breccia of andesitic to dacitic composition (late breccia) crops out on the northern and eastern ridges of the district (Fig. 2) . It contains variable proportions of fragments (0.2-20 cm) of porphyry 1, andesite porphyry, basaltic andesite, tuff, quartz veins, and plagioclase crystals surrounded by a mud-sized matrix (Fig. 6b) . The plagioclase crystals have no optical zoning. The late breccia does not contain veins and sulfide mineralization, but has been affected by moderate potassic and propylitic alteration, and locally weak phyllic alteration.
Dacitic porphyry 5 is exposed in the northwest section of the mapped area (Fig. 2) . The porphyritic texture is defined by phenocrysts of oligoclase (40-50 vol. %), edenite (3-10 vol.
%), biotite (1-3 vol. %), accesory ulvöspinel (0.5-1.5 vol. %), apatite and zircon, set in a microcrystalline (0.01-0.05 mm) quartz + feldspar ± ulvöspinel groundmass ( and a probability of 0.21 (Fig. 8) . Twenty spot analysis of zircon grains of the porphyry 3 from the central ridge of the project (Fig. 9 ) yielded an age of 11.13 ± 0.26 Ma, with a MSWD of 1.4 and a probability of 0.11. Twenty-six zircon analyses of the late breccia yielded a mean 206 Pb/ 238 U age of 8.9 ± 0.4 Ma with an MSWD of 1.1 (Fig. 9) . Zircons of the breccia are interpreted to be derived from igneous rock fragments included in the breccia, and Analyses of the upper subvolcanic suite (10) included samples from porphyry 1, andesite porphyry and late breccia.
Major, trace and rare earth elements
New chemical analyses of the Altar upper subvolcanic suite rocks are presented in Table 4 , together with the location and estimated intensity of alteration of each sample.
Porphyry 2 and porphyry 4 were excluded from the geochemical diagrams due to strong hydrothermal alteration that had affected all of those samples (Table 4) .
We have analysed the element mobility in Altar samples in order to observe the effects of hydrothermal alteration. In the diagram K 2 O versus SiO 2 it can be seen that most samples plot as a relatively tight cluster within the medium-K field (Fig. 11a) . Andesite porphyry and one sample from porphyry 3 show higher K 2 O values interpreted as reflecting weak potassic alteration. In the plot of Na 2 O versus SiO 2 (Fig. 11b ) the samples show less scatter as is the case for the other major elements. This shows that although there has been some mobilization of potassium, most of the major and trace elements have remained unaffected.
Altar intrusions have distinctively high Na 2 O contents (5-7 wt %) consistent with the presence of oligoclase in the plagioclase composition (digital appendix A1). Higher Na 2 O contents (7-9 wt %) in the andesite porphyry and in the late breccia are due to moderate albitization. In the total alkali versus silica diagram (Fig.11c) , most samples from the upper subvolcanic suite are trachyandesite to trachyte in composition, with porphyry 5 plotting within the andesite and dacite fields. TiO 2 displays relatively tight trends when plotted against SiO 2 (0.6-0.8 %; Fig. 11d ). The samples less affected by alteration are those with higher Sr contents (800-1100 ppm; Fig. 11e ).
The SiO 2 contents increase from porphyry 1 to porphyry 3, remain constant in porphyry 5, decrease in the andesite porphyry and have scattered values in the late breccia (Fig. 12a ).
Major and trace elements such as MgO, Y and Yb contents decrease through time from porphyries 1 to 5 and increase in the late breccia ( Fig. 12b-d ). Sr/Y ratios increase from porphyry 1 to 3, remain constant or slightly increase in porphyry 5, and decrease in the andesite porphyry and late breccia (Fig. 12e) . The anorthite content of the phenocrysts of plagioclase decreases and converge to a more homogeneous composition from porphyry 1 to porphyry 5 (Fig. 12f ).
Sr-Nd-Pb isotopes
The radiogenic Sr, Nd, and Pb isotope data for whole rock samples is shown in (Table 5) . 
Discussion

Geochronology
Characteristics of the middle-late Miocene magmatic reservoir
A large amount of andesitic magma (> 60 km 3 ) with an average of 60 ppm Cu (Gill, 1981) would be necessary to form the ~6 Mt of Cu recognized in the Altar deposit, assuming complete extraction of Cu from the magma (see models of Dilles, 1987; Cline and Bodnar, 1991; Dilles and Proffett; Stern and Skewes, 2005) . Amphibole phenocrysts from porphyries 1 and 5 are estimated to have crystallized at temperatures that varied from 780 to 850°C and pressures between 0.9 and 1.8 kbar from oxidized magmas (fO 2 = NNO +1 to +2; Table 6 ; Ridolfi and Renzulli, 2012) . These pressures correspond to depths of ~4-7 km in the upper crust. et al., 2008) . Considering that it may be difficult to maintain an active magma chamber in the upper crust during a period of 1.5-3 m.y., we suggest that the main magma reservoir in Altar was located at middle crustal levels.
Plagioclase phenocrysts of porphyry 1 are compositionally zoned ( Fig. 4a) (Ginibre et al., 2007) . In the plagioclase phenocrysts of porphyry (1), variations in the anorthite molar content correlate with significant changes in trace elements, particularly Fe, with respect to adjacent areas (Fig. 4) . This suggests that the crystallization of the rock took place in an open system (Ginibre et al., 2007) and the Ca plus Fe-rich rim of the phenocryst indicates a recharge episode by a more mafic magma. Similar evidence of magmatic recharge events with less intensity has been also observed in plagioclase phenocrysts from porphyries 3 and 5 (Figs. 4, 5 and 7) . The low intensity of the recharge events suggests the existence at shallow crustal levels of discrete single magmatic pulses rather than a long-lived magmatic chamber. In Altar, we argue that discrete pulses of shallow level intrusions may have been derived from a deeper long-lived magmatic reservoir (e.g., Cloos, 2001; Richards, 2003; Chiaradia et al., 2012) .
The trends of increasing SiO 2 and decreasing MgO, Y, and Yb from porphyry 1 to porphyry 5 are consistent with a weak magmatic differentiation in these magmatic chambers (Fig. 12) . The decrease in the anorthite contents of the phenocrysts of plagioclase from porphyry 1 to porphyry 5 (Fig. 12f ) also shows that both the deeper and shallower magmatic chambers may have evolved towards more felsic compositions, similar to what was observed at Yanacocha by Chiaradia et al. (2009a) . The decrease in the SiO 2 contents observed in the andesite porphyry and the decrease in the Sr/Y ratios observed in the andesite porphyry and late breccia suggest a slightly different magmatic source for these late intrusions. Pb diagram of Figure 13a shows new lead isotope data of the Altar porphyries and the fields of the volcanic rocks from El Indio (Kay et al. 1991; Bissig et al., 2003) , the basement lithologies of the El Indio region (Tosdal et al., 1999) , basalts from the Nazca plate (Unruh and Tatsumoto, 1976) , and ores of northern Chile (Macfarlane, 1999 (Fig. 13a) . The origin of the crustal components could be explained by continental crustal contamination processes (MASH; Hildreth and Moorbath, 1988) , source region contamination by subduction erosion (Stern,1991; Stern and Skewes,1995; Stern et al., 2011), or by a combination of these two contamination processes (Kay et al., 2005 (Fig. 13b) . Therefore, we suggest the presence of two different sources of radiogenic Pb for these magmas: a) mantle-enriched with Pb-rich aqueous fluids from the subducted sediments and b) crustal components from the basement of this region.
Pb radiogenic isotopes
Juan Fernández ridge subduction and high Sr/Y magmas
In the Andean Cordillera, and around the globe, numerous studies have highlighted a link between large-scale geodynamic changes (e.g., slab flattening and aseismic ridge collision with the trench), magma chemistry changes (from normal to adakite-like, i.e., high Sr/Y), and the formation of giant porphyry Cu mineralization (e.g., Stern, 1989; Skewes and Stern, 1996; Kay et al., 1999; Cooke et al., 2005; Gow and Walshe, 2005; Hollings et al., 2005; Rosenbaum et al., 2005; Chiaradia et al., 2009a and b; Hollings et al., 2011a and b; Maydagán et al., 2011) . The interpretations of the genesis of high Sr/Y arc magmas include:
slab melting (Thiéblemont et al., 1997; Sajona and Maury, 1998; Oyarzun et al., 2001; Mungall, 2002) , fractionation of amphibole ± garnet and/ or magmatic evolution at middle to deep crustal levels (Castillo et al., 1999; Chiaradia et al., 2009a and b; Chiaradia et al., 2011; Richards, 2011) . Some authors suggested that the processes of subduction erosion associated with the Juan Fernández ridge subduction should produce changes in the degree of hydration of the mantle that may contribute to the generation of giant ore deposits (e.g., Stern, 1989; Kay and Mpodozis, 2002; Hollings et al., 2005; Stern et al., 2011) . Volatiles from the ridge may cause metasomatism of the mantle wedge (e.g., Yáñez et al., 2002; Cooke et al., 2005) , possibly accompanied by an increased sulfur flux due to subduction of metalliferous sediments in pressure shadow zones behind highs on the downgoing plate . This may produce oxidized melts that can transport copper, gold, and sulfur dioxide from the mantle to the upper crust (e.g., Richards, 2003) . Table 7 ). The fertile Bajo de La Alumbrera and Agua Rica porphyries, located in the back-arc and lacking these chemical signatures, seem to be related to the passage of the NE segment of the Juan Fernández ridge below this region and with a moderate shallowing of the oceanic plate in this area (Table 7) . We concur with Tosdal and Richards (2001) that an important factor for ore deposit formation is the change in the tectonic stress regime in the crust, which may be triggered by the initial impingement of topographic anomalies into the subduction zone (e.g. Rosenbaum et al., 2005) . Faults formed by the increased coupling between the two plates could mobilize fertile magmas in the MASH zone to travel towards shallower depths (e.g. Richards, 2003; Rosenbaum et al., 2005; Maydagán et al., 2011) .
Implications of recharge processes and ore genesis
Evidences of recharge events in the magmatic chamber have been clearly observed in porphyry 1 and to a lesser extent in porphyries 3 and 5. These episodes indicate an open magmatic system and have been significant in the evolution of the magmatic chambers and hydrothermal system. Magma mixing is often associated with the formation of porphyry-type mineral deposits (e.g. Hedenquist and Lowenstern, 1994; Keith, 1997; Stern et al., 2011) . Hattori and Keith (2001) proposed that the injections of mafic melt may supply sulfur and chalcophile elements to the felsic magma and cause periodic eruptions of felsic magma associated with deposition of sulphide minerals. When a mafic magma intrudes felsic magma, variations of temperature may occur accompanied by fO 2 changes in both magmas (e.g., Hattori and Keith, 2001; Vigneresse, 2007) . Increased oxidation of the magma can cause the destabilization of the sulfides present, leading the metals (Cu, Au) to be transported by the hydrothermal fluids (e.g., Keith, 1997; Hattori and Keith, 2001; Maughan et al., 2002; Vigneresse, 2007; Nadeau et al., 2010) . In Altar, the injection of less evolved magmas in the upper crust magmatic chambers may have favored episodic volatile saturation.
Conclusions
Altar is a complex magmatic-hydrothermal system formed from several magmatic and hydrothermal pulses during the middle-late Miocene. New LA-ICPMS U-Pb ages in zircon grains from the Altar porphyries indicate four discrete events of intrusions over an extended magmatic life-time of ca. 3 m.y. It comprises a pre-mineralization porphyry (11.75 ± 0.24 Ma), three mineralized porphyries (11.62 ± 0.21 Ma and 11.68 ± 0.27 Ma, 11.13 ± 0.26 Ma, 10.35 ± 0.32 Ma) related to hydrothermal breccias, two post-mineralization intrusions, and a post-mineralization breccia (8.9 ± 0.4 Ma). The three mineralized porphyries (porphyries 2, 3 and 4) were emplaced within ~0.7-1.3 m.y.
Anorthite and Fe-rich rims of the plagioclase phenocrysts from porphyries 1, 3 and 5 suggest recharge of the shallower chamber (s) magmas by less evolved magmas coming from depth throughout the magmatic system history. The low intensity of the recharge events through the time suggests the existence at shallow crustal levels of discrete single magmatic pulses rather than a long-lived magmatic chamber. The focused magmatic output from a deeper and relatively large magmatic reservoir to smaller upper crust magma chambers during a few million years has been a requirement in the formation of this large porphyry copper deposit.
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